Background: Although BRCA1 has been extensively studied for its role as a tumour-suppressor protein, the role of BRCA1 subcellular localisation in oncogenesis and tumour progression has remained unclear. This study explores the impact of BRCA1 mislocalisation on clinical outcomes in breast cancer.
BRCA1 is a genome guardian and tumour suppressor that demonstrates a number of diverse cellular functions depending on its subcellular localisation. BRCA1 is a nuclear-cytoplasmic shuttling protein. When localised in the nucleus, it functions in cell proliferation, DNA damage response and repair, and transcriptional regulation . When localised in the cytoplasm, BRCA1 triggers apoptosis via a p53-independent mechanism in human breast cancer cells (Rodriguez et al, 2004; Rakha et al, 2008; Jiang et al, 2011) . BRCA1 also interacts with acetyl-CoA carboxylase, which is required for breast cancer cell survival and is associated with cancer progression (Magnard et al, 2002; Chajes et al, 2006; Moreau et al, 2006; Fang et al, 2014) . Export of BRCA1 to the cytoplasm is dependent on an importin/ CRM1 (chromosomal region maintenance 1)-mediated nuclear/ cytoplasmic shuttling system regulated by a number of tumoursuppressor proteins, including p53 and BARD1 (BRCA1-associated RING domain protein 1) (Feng et al, 2004; Henderson, 2005; Thompson, 2010; Jiang et al, 2011) .
Although it is well established that germline mutations of BRCA1 are associated with familial breast and ovarian cancers, there is increasing evidence that mutations which affect BRCA1's nuclear/ cytoplasmic shuttling and its resultant cytosolic accumulation are also associated with breast cancer (Rodriguez et al, 2004) . Specifically, cancer-associated mutations of the C-terminal BRCT (BRCA1 carboxyl-terminal) domain of BRCA1 restrict the protein to the cytosol and diminish its nuclear function in homologous recombinational repair of DNA breaks (Rodriguez and Henderson, 2000; Fabbro et al, 2004; Rodriguez et al, 2004; Li et al, 2008; Jiang et al, 2011) .
It is known that germline BRCA1-mutated familial breast and ovarian cancers demonstrate an increased incidence of metastasis, with brain and lung being the most common metastatic sites (Stoppa-Lyonnet et al, 2000; Antoniou et al, 2003; Albiges et al, 2005) . Moreover, BRCA1 cytosol accumulation has been shown to independently predict survival, tumour grade, and recurrence in low-grade basal-like breast cancers (Rakha et al, 2008) . However, the role of BRCA1 in sporadic breast cancer, including its subcellular localisation and its clinical relevance, remain controversial (Taylor et al, 1998; Lee et al, 1999; Yoshikawa et al, 1999; Yang et al, 2001 Yang et al, , 2002 . In contrast to the well-established function of BRCA1 in the nucleus where it regulates DNA damage response and repair pathways, little is known about the functional role of BRCA1 when it accumulates in the cytoplasm and how cytosolic mislocalisation of BRCA1 affects breast cancer initiation and progression (Henderson, 2012) .
To investigate the effects of cytoplasmic accumulation of BRCA1 on breast cancer progression, we first evaluated the relationship between BRCA1 subcellular expression and clinical outcomes of breast cancer patients. Second, we assessed the relationship between BRCA1 subcellular location and metastasis to the lung using tissue microarrays of patients with breast cancer for whom we also had tissue available both from their primary tumour as well as from their lung metastases. Finally, we examined in vitro supporting evidence that genetic induction of BRCA1 cytosolic retention in human breast cancer cells enhanced cell invasiveness.
MATERIALS AND METHODS

Patient data and tissue microarrays
Assembly of tissue microarrays of the primary breast tumours and corresponding lung metastases. The study protocols were reviewed and approved by the institutional review board of their corresponding institutions (Yale Cancer Center and MemorialSloan Kettering Cancer Center (MSKCC)). To investigate the relationship between BRCA1 subcellular expression and clinical outcomes of breast cancer patients, formalin-fixed paraffinembedded tissue blocks containing invasive breast carcinomas and normal breast tissue were retrieved, along with the corresponding H&E-stained slides, from the archives of the Yale University School of Medicine. To ensure uniformity of sectioning, older paraffin blocks were melted and re-embedded using modernday plastic cassettes. Areas of invasive carcinoma, distinct from in situ components and normal tissue elements, were identified and marked for subsequent retrieval and analysis. Core biopsies of 0.6 mm in diameter were taken from each donor block and arrayed into a recipient paraffin block (45 mm Â 20 mm) using a tissue puncher/arrayer as described (Kononen et al, 1998) . Patients selected for this study were treated at Yale between 1970 and 2005. Of this group of 504 patients, 406 cases with evaluable tumour cores were stained for BRCA1 distribution.
To study the relationship between BRCA1 subcellular location and metastasis to the lung, tissue blocks containing metastatic lung tumours, as well as their corresponding primary breast tumours were retrieved, along with the corresponding H&E-stained slides, from the archives of Department of Pathology at MSKCC. Fifty-four tissue specimens of primary breast carcinomas and 80 lung metastases were obtained from a total of 106 patients treated at MSKCC. Of these, only 41 primary breast specimens also had paired lung metastasis specimens (n ¼ 77) and contained evaluable tumour cores that were stained for BRCA1 distribution. Patients selected for the study were treated at MSKCC between 1986 and 2006.
Measures of patient outcomes. Overall survival was defined as the time from initial diagnosis to the time of death. Loco-regional recurrence-free survival was defined as the time from initial diagnosis to the time of relapse in the ipsilateral breast and/or regional nodes according to clinical and/or radiographic evidence. Distant metastasis-free survival (MFS) was defined as the time from initial diagnosis to the time of occurrence of distant disease according to clinical and/or radiographic evidence.
Immunofluorescence assay. Five-mm-thick sections of formalinfixed, paraffin-embedded tissue microarrays were de-paraffinised and rehydrated. Samples were pretreated to allow antigen retrieval with Target Retrieval Solution (DAKO, Carpinteria, CA, USA). Sections were blocked with 3% hydrogen peroxide, followed by blocking in 2% goat serum/0.1% Triton-X 100/PBS (1 h). Slides were then incubated with a mouse monoclonal primary antibody against the amino-terminal 304 amino acids of human BRCA1 (Ab-1, Catalog Number OP92, Calbiochem, Dermstadt, Germany). This antibody was used at a dilution of 1 : 50, with overnight incubation at 4 1C. Several studies have confirmed the reliability and reproducibility of this antibody when used in formalin-fixed materials (Taylor et al, 1998; Yoshikawa et al, 1999; Perez-Valles et al, 2001) . Slides were washed with PBS and incubated with secondary antibody (1 : 1000 goat anti-mouse Alexa594-conjugated antibodies, Molecular Probes, Thermo Fisher Scientific, Carlsbad, CA, USA), stained with DAPI for nuclear visualisation for 1-2 min, and analysed by fluorescence microscopy (Carl Zeiss, Thornwood, NY, USA). Both cytoplasmic and nuclear BRCA1 immunoreactivity were revealed by the BRCA1 Ab-1 antibody. The specificity of immunostaining with BRCA1 antibody was confirmed by the absence of staining by preincubation of the antibody with excess of the peptide immunogen. Negative controls had the primary antibody omitted and replaced by non-immune normal serum from the same species as the primary antibody. BRCA1 subcellular expression was scored separately by two independent researchers who were blinded to patient outcomes. The overall staining intensity in cancer cells was scored on a 0 to þ 3 scale, as previously described: 0 ¼ no staining, 1 ¼ weak-to-moderate staining, 2 ¼ moderate staining, and 3 ¼ moderate-to-strong staining (Wang et al, 2013) . A wide range of quantification criteria have been reported to classify BRCA1 expression patterns as nuclear or cytosolic (Rakha et al, 2008; Wang et al, 2013; Mylona et al, 2014) . For the purposes of this study, cases where 460% of tumour cells had moderate-to-strong nuclear immune detection of BRCA1 were considered as positive nuclear expression tumours (n ¼ 316). Cases where 415% of tumour cells had moderate-to-strong cytosolic immune detection of BRCA1 were considered as positive cytosolic expression tumours (n ¼ 54). Tumours with BRCA1 expression falling below these levels were not eligible and excluded for the correlative analysis (n ¼ 36).
Statistical analysis
Analyses used to examine BRCA1 expression and clinical outcomes. These analyses were conducted on the primary breast tumour tissue microarrays assembled from the Yale Cancer Center patient cohort. The association of cytosolic BRCA1 expression with overall survival, loco-regional recurrence-free survival, and distant MFS was analysed initially by log-rank test and further with Cox regression to adjust for other prognostic factors in breast cancers. The type I error rate was set to 0.05. Data analysis was conducted with SAS 9.3 (SAS Inc., Cary, NC, USA).
Analyses used to examine BRCA1 expression and metastasis. These analyses were conducted using the lung metastasis tissue microarrays assembled from the MSKCC patient cohort. The comparisons of the percentages of cells demonstrating cytosolic BRCA1 expression between breast primary tumours and their corresponding lung metastases were conducted by two-sample t-test for unpaired samples or paired t-test for matched samples. Type I error rate was set to 0.05. Data analysis was conducted with SAS 9.3 (SAS Inc., Cary, NC, USA).
In vitro invasion and migration assays. MCF-7 cells expressing wild-type BRCA1 or mutant BRCA1/5382insC were seeded onto the top chamber of Transwell filters (8-mm pore) (VWR Scientific, Radnor, PA, USA) coated with fibronectin. The filters were placed in a 24-well plate. Recombinant soluble vascular endothelial growth factor receptor 2 (VEGFR2 (ExFlk)) in 1% BSA was added to a final concentration of 10 ng ml À 1 in the lower chamber as a chemoattractant. MCF-7 cells were counted to assess their migration (eight fields per filter) after 5 h of incubation.
Invasion assays were carried out using Matrigel precoated inserts (BD Biosciences, San Jose, CA, USA) following the manufacturer's instructions. VEGF was placed in the lower wells. The wild-type BRCA1-or mutant BRCA1/5382insC-expressing MCF-7 cells were loaded into each of the upper wells. The chambers were incubated for 18-20 h at 37 1C. Following incubation, the inserts were removed, and the non-invading cells on the upper surface were removed with a Q-tip. The cells on the lower surface of the membrane were counted in eight high-power fields (HPF) under a light microscope (Carl Zeiss). The invasion efficiency of cells was calculated using the formula: invasion efficiency ¼ (mean invasion/mean migration) Â 100%.
RESULTS
Patient outcomes, tissue microarrays, and BRCA1 subcellular expression. Tissue and clinical data from breast cancer patients with or without metastases were collected at Yale Cancer Center and MSKCC. Table 1 summarises the clinical and pathological characteristics of the patients treated at Yale. This tissue microarray was used for the analysis as detailed in the 'Cytosolic BRCA1 expression and clinical outcomes' section. These specimens were primary breast tumours from patients with all stages of breast cancer. Table 2 summarises the clinical and pathological characteristics of the patients treated at MSKCC, and the specimens of the metastatic lung metastatic tumours and corresponding primary breast tumours were assembled in microarrays. These tissue microarrays were used for the analyses as detailed in the 'Cytosolic BRCA1 expression and lung metastasis in breast cancer patients' section. These specimens were lung metastatic tumours and breast primary tumours from patients with metastatic breast cancer.
To determine the subcellular expression of BRCA1 in tumour cells, tissue microarrays were analysed by immunofluorescent staining of BRCA1 protein. BRCA1 expression by tumour cells was categorised based on BRCA1 staining pattern: nuclear or cytosolic (Feng et al, 2004; Wang et al, 2010) . Representative nuclear and cytosolic BRCA1 staining is shown in Figure 1A . Negative control experiments using a competing peptide to block the anti-BRCA1 antibody ( Figure 1B) , as well as rabbit IgG in place of the anti-BRCA1 antibody are shown in Figures 1B and C, respectively. In this study, a tumour with nuclear BRCA1 expression was defined by 460% of cells exhibiting positive BRCA1 staining only in the nuclei. Cytosolic expression was defined by 415% of cells exhibiting positive BRCA1 staining only in the cytosolic compartment.
Cytosolic BRCA1 expression and clinical outcomes. We first sought to investigate whether cytosolic expression of BRCA1 was associated with a clinically significant difference in patient prognosis in a cohort of patients diagnosed with early and late stage breast cancers treated at Yale Cancer Center. Table 1 summarises the clinical and pathological characteristics of the Yale patients from whom these samples were taken. These were patients with primary breast cancers with or without metastatic disease. Analysis of the BRCA1 subcellular distribution in these tissue microarrays demonstrated no significant differences in overall survival (P ¼ 0.85) or loco-regional recurrence-free survival (P ¼ 0.25) between patients who had high cytosolic BRCA1 expression (n ¼ 54) in the primary breast tumours vs those with a nuclear pattern (n ¼ 316) (Kaplan-Meier curves not shown). Interestingly, this comparison revealed a trend towards decreased MFS (P ¼ 0.06) (Figure 2A) . Thirty-six cases demonstrated BRCA1 distribution in both the nucleus and cytosol and were not included in this analysis. Multivariate analysis with adjustment for other known prognostic factors, including tumour size, tumour grade, treatment, lymph node status, ER status, PR status, Her2 status, and use of systemic therapy, revealed that only age had a statistically significant association (P ¼ 0.03). Sporadic breast cancer patients aged 440 years rarely carry germline BRCA1 mutations, and BRCA1 could be compromised by deficiency in the regulation of its function, such as BRCA1 shuttling and subsequent mislocalisation (Antoniou et al, 2003) . We next performed an analysis specifically within patients aged 440 years (n ¼ 318). This analysis included 36 cases with cytosolic BRCA1 expression and 257 with nuclear expression. Twenty-five cases that demonstrated BRCA1 distribution in both the nucleus and cytosol were not included in this analysis. This comparison demonstrated a significant association between cytosolic BRCA1 breast tumours and decreased MFS (P ¼ 0.04; Figure 2B ). Our analysis did not demonstrate a significant relationship between BRCA1 location and the rate of loco-regional tumour recurrence, suggesting that loco-regional recurrence may not significantly contribute to the observed decrease in MFS in this study. Furthermore, these observations suggest a potential contribution of dysfunction mediated by mislocalisation of BRCA1 to breast cancer metastasis.
Cytosolic BRCA1 expression and lung metastasis in breast cancer patients. To further investigate the potential relationship underlying the observed decreased MFS in tumours with cytosolic BRCA1 expression, we examined BRCA1 subcellular expression in lung metastases from breast cancer. This cohort of breast cancer patients with lung metastases was selected from an independent population diagnosed with metastatic breast cancers and treated at MSKCC. Table 2 summarises the clinical and pathological characteristics of the MSKCC patients from whom these samples were taken. We observed that the tumours that had metastasised to the lung exhibited a high level of cytosolic expression of BRCA1 ( x ¼ 36.0%, 95% CI ¼ (31.7%, 40.3%)). This is in contrast to previous reports that BRCA1 is predominantly a nuclear protein, with only 8.2-14.8% of primary breast tumours demonstrating a BRCA1 cytosolic distribution pattern (Fabbro et al, 2004; Kennecke et al, 2010) .
We then examined the BRCA1 expression patterns in primary breast tumours that gave rise to those lung metastases. Using the same techniques, we examined BRCA1 subcellular distribution in the primary breast tumours from patients with lung metastases in the same MSKCC cohort. Intriguingly, the proportion of cells showing cytosolic expression in these 41 primary breast tumours was as high as the 77 lung metastatic tumours (38.5 ± 10.5% vs 36.0±18.9%; P ¼ 0.36) ( Figure 3A) . A further comparison, which paired 18 of these metastatic lung tumours with their corresponding primary breast tumours, also found no significant difference in cytosolic BRCA1 expression (35.8 ± 19.2% vs 37.8 ± 12.3%; P ¼ 0.69) ( Figure 3B) . This similarly high level of cytoplasmic BRCA1 expression in both the lung metastatic tumours and their corresponding primary breast tumours suggests that BRCA1 cytosolic expression may be an early event, acting as one of the causative factors, rather than a late event in the development of metastasis.
In vitro cytosolic BRCA1 sequestration, cell migration, and cell invasion. To explore a potential mechanism underlying cytosolic location of BRCA1 in tumour cell metastasis, we examined whether a genetic predisposition towards BRCA1 cytosolic sequestration could alter tumour cells' metastatic capacity in vitro. It has been shown previously that the metastatic potential of a cancer cell depends on both migration and invasion and that these are two different processes regulated by distinct mechanisms (Scully et al, 1997) . In our in vitro migration and invasion assays, cells that expressed either wild-type BRCA1 or mutant BRCA1 5382insC, a common mutation in germline breast cancers, which predominantly localises BRCA1 protein to the cytoplasm, were used (Rodriguez et al, 2004; Antoniou et al, 2005) . This sequestration occurs via loss of BRCT domain-mediated nuclear localisation (Huyton et al, 2000; Antoniou et al, 2003) . This analysis demonstrated significantly increased invasion in MCF-7 cells expressing 5382insC mutant BRCA1 (located predominantly in the cytosol) compared with those expressing wild-type BRCA1 (located predominantly in the nucleus) (4.8 vs 1.7 cells/HPF, P ¼ 0.03; Figure 4A ). This occurred despite the fact that BRCA1 5382insC mutant-expressing MCF-7 cells exhibited decreased migration compared with those expressing wild-type BRCA1 (95.1 vs 136.8 cells/HPF, Po0.0001; Figure 4B ). Invasion was normalised to account for migration by the formula: invasion efficiency ¼ (mean invasion/mean migration) Â 100%. The 5382insC mutants demonstrated a four-fold increase in invasion efficiency (5.04% vs 1.24%, P ¼ 0.03; Figure 4C ). This finding indicates that the cytosolic sequestration of BRCA1 can increase breast tumour cell invasiveness. Together with the observed decreased MFS in patients with cytosolic BRCA1 breast cancers and the dramatically higher level of BRCA1 cytosolic expression in breast cancer patients whose tumour metastasised to the lung, our data suggest a potential role of cytosolic BRCA1 expression in promoting breast cancer metastasis.
DISCUSSION
In this study, we observed a potential association of cytosolic BRCA1 expression with metastasis in breast cancer using tissue microarray immunofluorescence analysis and in vitro invasion assays. Our analyses demonstrated that cytosolic BRCA1 is associated with decreased MFS, especially in patients aged 440 years. Our studies also revealed that BRCA1 is highly concentrated in the cytosol of both the primary as well as the tumours that have metastasised to the lung. Finally, our in vitro results suggest that genetically induced sequestration of BRCA1 in the cytosol increases cell invasiveness. Together, our data indicate a potential association between BRCA1 cytosolic expression and risk of metastatic development.
In the past, there had been debate regarding BRCA1's cytoplasmic location (Chen et al, 1995; Scully et al, 1997) . Although BRCA1 was initially identified to be predominantly located in the nucleus (Scully et al, 1997; De Potter et al, 1998; Coene et al, 2011) , our results demonstrated that 38.5±10.5% of the cancer cells in both the primary tumours as well as its corresponding lung metastases (in the MSKCC patient cohort) showed cytosolic BRCA1 expression. We were able to demonstrate cytosolic BRCA1's association with decreased MFS. The lack of difference in loco-regional recurrence-free survival between patients with nuclear and cytosolic BRCA1 localisation suggests that the decrease in MFS is not secondary to local recurrence and is instead the result of the development of distant metastasis. These observations suggest a role of BRCA1 dysfunction in the development of metastasis. In support of our findings, previous studies have indicated that mislocalised BRCA1 in the cytosol serves as an independent predictor of survival, tumour grade, and recurrence in low-grade basal-like breast cancers (Rakha et al, 2008) . It has been well established that genomic instability, a hallmark of cancer, is one of the driving forces for any given tumour to give rise to a heterogeneous population of tumour cells and subclones with distinct biological features. As such, the observation that the high cytosolic enrichment of BRCA1 in lung metastatic tumours as well as in their primary breast tumours is intriguing and implies that acquisition of cytosolic expression of BRCA1 may predispose a subclone of cancer cells to metastasis, thus dictating the metastatic fate of the primary tumour. Our finding that genetic induction of BRCA1 sequestration to the cytosol is sufficient to alter breast cancer cell invasiveness strengthens this potentially causative relationship. Interestingly, previous studies have shown that BRCA1 is a regulator of caveolin and osteopontin, both of which promote tumour invasion and metastasis in vitro and in vivo (El-Tanani et al, 2006; Glait et al, 2006; Wang et al, 2008) . Furthermore, it has been recently shown that BRCA1 is important for controlling spreading and motility via interacting and colocalising with ezrin/radixin/moesin and F-actin at the plasma membrane of breast cancer cells (Coene et al, 2011) .
Our studies show that cytosolic BRCA1 is associated with a trend toward decreased MFS in all patients (P ¼ 0.06). Interestingly, multivariate analysis with adjustment for other known prognostic factors revealed that only age had a statistically significant association (P ¼ 0.03). This relationship becomes statistically significant in patients aged 440 years (P ¼ 0.04). It is possible that this age-dependent relationship is a result of the relatively small size of our patient population (n ¼ 370). It has been well documented that patients with germline mutations and dysfunctional BRCA1 tend to be diagnosed prior to age 40 years (Antoniou et al, 2003) . On the other hand, BRCA1 mutations are rare in patients aged 440 years with sporadic breast cancer, and inactivation of BRCA1 function can occur through deregulation of BRCA1 subcellular expression. Interestingly, mutations that affect BRCA1's nuclear/cytoplasmic shuttling and its resultant cytosolic accumulation are also associated with breast cancer (Rodriguez et al, 2004 ). In the current study, we did not have the material available for determination of the BRCA1 mutation status of our patients. Future studies with larger sample sizes and genetic analysis of the BRCA1 gene will clarify whether this phenomenon holds true in all the age groups of breast cancer patients and the impact of BRCA1 mutation on this phenomenon.
In addition to a significant association between cytosolic BRCA1 and distant MFS, we have also seen that both the primary breast tumour and its corresponding lung metastasis demonstrate increased cytosolic BRCA1. Based on the findings of increased invasion efficiency demonstrated by cells with genetically induced cytosolic BRCA1 expression in our in vitro studies, we believe that these data support a model where cytosolic expression of BRCA1 predisposes cells to metastasis and promotes the metastatic risk of the primary breast tumour. Thus patients with high cytosolic BRCA1 in their tumours may have an increased risk of developing metastatic disease. Our data also suggest that BRCA1 mislocalisation may potentially serve as a biomarker of metastatic risk. Because of our relatively small sample size and limits on patient stratification, more in-depth analysis on a larger cohort of patients is needed to further understand the mechanisms involved in this novel role of cytosolic BRCA1 in cancer cell invasion and metastasis.
Although our study is suggestive of an association between cytosolic BRCA1 and breast cancer metastasis, additional investigation is warranted to further define the mechanisms by which cytosolic BRCA1 influences metastasis. Our results demonstrate a novel relationship between cytosolic BRCA1 subcellular expression and increased risk of developing metastasis. These findings may allow us to further our understanding of the mechanisms by which BRCA1 drives metastatic development and to use BRCA1 localisation as a potential biomarker for predicting risk of metastases and a potential therapeutic target in the treatment of breast cancer metastasis. This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the license terms will switch to a Creative Commons AttributionNonCommercial-Share Alike 4.0 Unported License
